This paper investigates the mechanical response of a coated Ti-6Al-4V alloy surface under different sliding contact stress conditions. The surface was coated with an oxide ceramic material created through the use of a recently developed technique known as plasma electrolytic oxidation (PEO). During the PEO procedure, a composition of silicate and phosphate was used as the electrolyte. In order to evaluate the coating, pin-on-disk (POD) tribology tests and cyclic inclined sliding tests were used under dry room conditions. Furthermore, scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were utilized to examine the morphology and composition of the coating surfaces. The results of the POD tests revealed that the PEO coating could have a low coefficient of friction and suggested that high silicon concentrations in the PEO coatings take away oxygen from stoichiometric Ti oxides to create lubricating oxides. In addition, cyclic inclined sliding tests showed that smaller pores on the surface of the coating could permit a higher coating cohesive strength and allow the coated Ti alloy surface to perform better under high inclined sliding forces.
Introduction
A variety of titanium alloys are used in the aerospace industry for landing systems, fasteners, engine components, airframes, and others. Of these alloys, the Ti-6Al-4V stands out for its high strength-to-weight ratio, corrosion resistance, and low density. However, because of its poor wear resistance properties, especially against abrasive wear, the Ti-6Al-4V does not perform well in sliding components and parts that undergo high friction. As a result, aircrafts that contain this alloy, though built strong, are subject to maintenance and repair that create high expenses. In order to combat this issue, many coating techniques such as physical/chemical vapor deposition (PVD/CVD), ion implementation, and surface oxidation have been developed to strengthen the wear resistance of the alloy [1] . Although each of these techniques has its merits, PVD/CVD may create coatings with insufficient adhesion and ion implementation treatments are often too thin for industrial applications (less than 5 m). Yet, while conventional oxidation methods seem to be the most popular choice, they may worsen the mechanical and/or corrosion properties of the alloy.
Coatings such as silicon incorporated diamond-like coating (Si-DLC) made by plasma assisted CVD [2] and those made from laser diffusion nitriding [3] have also been developed to improve the wear properties of Ti-6Al-4V. However, these techniques also have their disadvantages as well. While Si-DLC has been proven to improve the wear resistance of the titanium alloy, the coating provides less benefit under wet conditions due to the pinholes in the coating which allows the penetration of water and other ions through the coating, corroding the substrate and thus, the coating adhesion is weakened around those areas [2] . Laser diffusion nitriding has also been shown to enhance the wear properties of the alloy without melting it [3] . However, such treatment is often expensive due to the equipment needed.
Recently, a new technique called plasma electrolytic oxidation (PEO) has been developed to retain benefits of conventional surface oxidation [1, 4] . This form of oxidation, although similar to the anodizing process, uses extremely 2 International Journal of Aerospace Engineering Due to the high temperature and plasma oxidation of the interaction, a coating comprised of complex oxide compounds is produced. Although the top surface of the coating is relatively porous and loose, the inner layer is much denser and uniform. PEO coatings can be used in various fields ranging from biomedical applications to the automotive industry. In fact, much research has been done with PEO coatings on different metals and alloys such as magnesium and titanium biomedical materials in simulated human body environment [4] [5] [6] [7] [8] [9] [10] [11] [12] . Furthermore, tests concerning the performance of the coating on an A356 alloy commonly used in the automobiles have also been conducted and discussed [13] . Yet, while PEO coatings have performed well under conditions related to these areas, more research needs to be done for the tribologically concerned coating application in the aerospace industry. Furthermore, not much testing has been done on PEO coatings using the new cyclic inclined testing method developed at the University of Windsor for the purpose of observing how surfaces would react to high forces during the inclined sliding and wear test [14, 15] .
A previous paper [16] has studied tribological property of relatively thin coatings (10-27 m in thickness as prepared before polishing, around 10 m in thickness after polishing for tribotests). This paper was to study thicker coatings (38-65 m thick before polishing, 20-30 m after polishing) and investigate the coating thickness effect on tribological behaviors. The thick coatings are quite rough; polishing the coatings down to 20-30 microns thick was to obtain a fairly smooth surface = 0.15 microns for all tested coating sample surfaces to avoid possible effect of roughness difference on the coefficient of friction.
Consequently, accelerated laboratory lab tests like the one mentioned earlier were used to investigate how PEOcoated titanium alloys would likely perform under different applications in aerospace. Components like those found in landing gear systems often need to sustain the entire weight of an aircraft at high speeds during landing and departure [17] . As a result, these parts would need to sustain heavy wear. However, since many landing gear systems are idle during flight, they do not endure constant stress. On the other hand, small components such as bearings, fasteners, and discs may not need to sustain a lot of force but are subject to continuous wear. Consequently, this study examines the wear behaviour of a PEO-coated Ti alloy with different coating thicknesses under high force with short testing periods and low force with prolonged testing periods.
Experimental Details

Preparation of Sample Coupon.
In this study, Ti-6Al-4V was used to prepare two samples as substrate material with dimensions of around 25 mm × 25 mm × 6.5 mm. The composition of the Ti-6Al-4V can be found in Table 1 . After being cut, the samples, S1 and S2, were thoroughly polished using sandpaper up to grade P2500 so that their roughness would be ≈ 0.15 m. Lastly, the samples were cleaned with acetone, rinsed with distilled water, and set to dry in room conditions (20 ∘ C, 65% humidity, 1 atm).
PEO Treatment.
A solution containing 3 liters of distilled water, 18 g of Na 2 SiO 3 , and 12 g of Na 3 PO 4 was created to make a 6 g/L Na 2 SiO 3 + 4 g/L Na 3 PO 4 electrolyte for the PEO procedure. The samples, connected to an AC power source in order to act as the anode by a titanium wire, were completely submerged in the solution sink and a stainless steel plate served as the cathode. For more information on the parameters of the preparations, please refer to Table 2 . After the coating deposition was completed, the coated samples were washed with distilled water and cleaned with acetone to remove any leftover solution and residue left on them.
Following that, they were left to dry in room conditions.
Thickness Measurement.
In order to determine the thickness of the coating, a Positector 6000 was used to take more than ten measurements from each sample on both sides. Consequently, an accurate average could be calculated using the data collected. Furthermore, because it was necessary to determine coating thicknesses that produced optimal results, both samples underwent pin-on-disc tribotests and inclined sliding tests at different thicknesses. As a result, each sample was polished carefully using sandpaper up to P2500 in grade to approach the desired thicknesses measured by the Positector 6000 and tested using the methods mentioned earlier. For information on the original and polished thicknesses of the samples, please refer to Table 3 .
Pin-on-Disk
Testing. Pin-on-disk (POD) tribotests (see Figure 1 ) were carried out on the coatings to determine the effects of pure sliding on the coatings of different thicknesses and different preparations. A POD tribometer and Surfcorder
International Journal of Aerospace Engineering made by SCILAND Co. and steel pin balls (AISI 52100, HRC 58-60, and 5.5 mm in diameter) acting as the counterface material were used in the testing process. This set-up allows pure sliding to be achieved through the rotation of the sample while keeping the counterface material static. Furthermore, all samples were tested in dry room conditions and under 2 N of normal load. The sliding speed was 0.075 m/s. In order to prevent contaminations and minimize result error, both the coatings and the steel pin ball counterface material were cleaned with acetone thoroughly before and after each POD test. To quantitatively investigate the effects of pure sliding on the coatings, the coefficient of friction (C.O.F.) was recorded during each test using a data acquisition system. Four coating surfaces (S1 at 20 m thickness, S1 at 30 m thickness, S2 at 20 m thickness, and S2 at 30 m thickness) and the polished substrate were tested using this method. According to the results of tests, severe materials transferring from the counterface ball had occurred and caused abrasive wear behaviour when the C.O.F. value reached around 0.65 [16] . Consequently, the POD tests were conducted on each coating/substrate testing couple until either the C.O.F. value maintained a stable value of 0.65 or the C.O.F. value did not appear to show any signs of reaching 0.65 after approximately 1200 m test. Thus, some coatings underwent longer POD sliding distances than others to ensure that qualitative analysis of the testing would be accurate.
Inclined Sliding Test.
A recently new inclined impact sliding test method developed at the University of Windsor [14, 15] was used to investigate the wear behaviour of the coatings under extremely high combined attack of impact and sliding forces. The details of the testing instrument and procedure can be found in [14] . By taking advantage of the repeating vertical motion of the hard counterface material, the surface of the coating can be continually attacked at an angle (around 15-20 degree) to create constant impact, i , and pressing, p , forces on it (see Figure 2) . The value of i and p can be mechanically adjusted from zero to several hundred Newtons before the test, thus allowing for the simulation of different conditions. However, because the objective of this paper is to investigate the effects of sliding modes on the coating, not dynamic impact load, i was set to zero. To ensure that the testing instrument would not distribute dynamic impact load, the coating was elevated to the point of contact with the counterface material after it was fixed tightly on the sample holder (component 5, Figure 2 ). The pressing force was a cyclic pulsed load and the loading curve of each cycle is shown in Figure 2 . All tests were conducted using a steel pin ball (AISI 52100, HRC 58-60, and 10 mm in diameter) as the counterface material and 300 N of pressing load (the maximum Hertz contact stress was calculated to be approximately: 2.0 GPa [18]). Four coating surfaces (S1 at 20 m thickness, S1 at 30 m thickness, S2 at 20 m thickness, and S2 at 30 m thickness) were tested using this method under room conditions at 2.5 Hz for 50 cycles.
Optical Microscopy and Scanning Electron Microscopy.
To diminish error caused by time, optical microscopy (OM) was used to examine the wear tracks from the POD and the sliding scars from the sliding experiments immediately after each test. In addition, scanning electron microscopy (SEM) with an energy dispersive X-ray (EDX) was used to further analyze the wear behavior of the coating under different sliding modes.
Observations and Results
Coating
Observations. SEM micrographs and EDX analysis of the polished coating surfaces are shown in Figure 3 . PEO coatings normally contain two layers. On the surface, there is a thick, porous outer layer. However, the inner layer of the coating is thin and dense. Paying attention to the SEM micrographs the size of pores on the S1 surfaces is much wider than that on the S2. While the largest pores on both S2 surfaces are only 30-40 m in diameter, those on S1 had diameters up to 100 m. One possible explanation for this phenomenon can be based on the different treatment times of the two samples. According to [19] , the density of the sparking during the coating process decreases as the treatment progresses. However, the power of these sparks increases. Since the sparking is attributed to the formation of the coating, the decrease in spark density over time can result in a less uniform coating. This assumption agrees with the SEM micrographs in Figure 3 . Because the S1 was treated for a longer time than S2 at the same current density, the decrease in the density of sparks and the increase in intensity of each spark discharging in the later stages (U 6 -U 7 ) of the treatment could explain the larger pores found in the sample. Meanwhile, since S2 was only treated for 25 minutes, higher spark density at the end of the treatment would result in a more uniform coating surface. Furthermore, powerful arcs causing coating damage can also be found from time to time during the PEO treatment [19] . Consequently, longer treatment times would result in more localized coating damage during the PEO process. This effect could also contribute to the larger pores found on S1. It should be reemphasized that the PEO process is a conversion treatment which transforms the titanium alloy surface into TiO 2 . The electrolytes can modify the coating composition during the PEO process. As an example, the EDX spectrum and the coating composition for S1 30 m are shown in Figure 4 . The coating composition calculations based on EDX spectra for the four coating surfaces are given in Table 4 . From Table 4 , instead of TiO 2 , the substoichiometric oxide, which can be expressed as Ti O 2 −1 , is the coating structure. Gardos suggests that suboxides, also known as Magneli phases, could create a lubricating effect during sliding wear by decreasing the C.O.F. [20, 21] . One possible reason to explain this phenomenon is the presence of lubricious oxides. While the PEO coating process does not change, the PEO coating is not uniform. Rather, the PEO coating has a dense inner layer and a porous outer layer. As a result, it is likely that the chemical composition varies in ratio at different thicknesses of the PEO coating. As such, an abundance of lubricating oxides in one layer may account for the superior performance of the 30 m coatings over the 20 m coatings in the POD tests. In order to prove this theory, it is necessary to analyze the stoichometric ratios of the coating surfaces The stoichiomic analysis of the coatings surface calculated from the EDX analysis is shown in Table 4 . The concentration of Si for 30 m coatings was much higher than that of the 20 m coatings. Consequently, doped Si is believed to make the most contribution to occupying oxygen from Ti and in creating lubricating oxides [16] based on EDX analysis and the comparison of the results obtained by POD tribotests [21] .
POD Observations and
The study on lubricating oxides is still relatively new and complicated. As a result, further research using instruments such as XPS (X-ray photoelectron spectroscopy), XAS (X-ray absorption spectroscopy), and TEM (transmission electron microscopy) will be needed to confirm this theory.
Inclined Sliding Test Observations and Results.
Under normal circumstances, the inclined sliding test will result in two forms of damage to the coating. The first type of damage is peeling, which results in the complete removal of the coating and the exposure of the substrate material. The second type of damage is chipping, which results in the removal of the upper layer of the coating. However, chipping damage will still leave the lower dense layer adherent to the substrate [16, 22] . A diagram of the coating failure behavior of the inclined impact sliding test is shown in Figure 7 .
The OM images of the sliding tracks on S1 and S2 under 300 N of pressing load and 50 cycles are shown in Figure 8 where the typical areas of wear were also marked. The EDX analysis of these areas is shown in Figure 9 . The estimated maximum lengths and widths of the peeled area are shown in Table 5 .
After careful analysis of the samples, it can be seen that the S1 sample shows complete peeling in the sliding tracks. While the 20 m surface did prove to be more resistant to chipping damage than the 30 m surface, both coatings still fail to prevent substrate exposure. On the other hand, the S2 sample proved to have slightly better results compared to the S1 sample. Although both sliding tracks on the S2 also show substrate exposure, the estimated widths of the peeled area in S2 sliding tracks are slightly lower than those of the S1 sliding tracks. As a result, the exposed substrate areas on the S2 samples are smaller than those on the S1. Furthermore, much of the exposed areas on the S2 sliding tracks seem to have a high concentration of Si as shown in the diagram C of Figure 9 . As such, some of the damage caused by peeling resulted only in partial exposure of the substrate due to the high presence of Si, indicating that the inner layer of the coating still existed.
One possible explanation for the superior results of the S2 sample is the difference between the surface morphology of the two samples. As mentioned earlier, the pores on S2 are much smaller than the pores on S1. Consequently, the smaller pores may have allowed the coating to have a higher cohesion. It seems that the coating cohesion strength influenced by the pore size and distribution had played a critical role. As a result, the performance of the coatings during the inclined sliding under very high load condition could be ranked in a descending order of S2-A, S2-B, S1-A, and S1-B. The dimensions of damaged areas of the coatings are shown in Table 5 . Such results were believed to be caused by the inclined sliding test method which introduced additional shear stresses into the coating beyond the pure sliding friction effect as observed in the previous POD test section.
The inclined sliding test is still a relatively new method of experimentation. As a result, further tests measuring the amount of coating loss, material transfer from the steel ball, wear of the steel ball, and depth of the wear track will still be needed to fully understand the performance of PEO coatings under the inclined sliding test. Furthermore, coating roughness, which was not taken into account in this experiment, could also influence the results of the sliding tracks on the two samples.
Conclusions
By using a bipolar power supply mode during deposition process, 4 PEO coatings were made and then polished to a thickness of either 20 m or 30 m. Afterwards the PEO coatings underwent POD testing and inclined sliding testing to study coating failure behaviour under prolonged wear circumstances and high stress conditions. The POD test demonstrated that the manipulation of stoichiometric composition of the PEO coating had a great effect on the performance of the coating under prolonged wear circumstances. In the 30 m coatings, higher Si concentration compared to that of the 20 m coatings revealed that doped Si makes the most contribution to occupying oxygen from Ti and in creating lubricating oxides. As a result, these lubricating oxides allowed the C.O.F. of the 30 m coatings to remain low and the wear track to stay small and unnoticable for the extended International Journal of Aerospace Engineering 9 POD testing. On the other hand, the lower concentration of Si in the 20 m coatings caused the C.O.F. to increase drastically and the wear track to become much wider after a certain period of testing. As a result, the presence of Si in the PEO coating of Ti-6Al-4V contributes to the wear resistence of the coating.
In the inclined sliding tests, the smaller pores found in the PEO coatings from S2 were believed to be the reason why the S2 PEO coatings outperformed the S1 PEO coatings. As a result, much of the substrate was only partially exposed on the S2 coatings rather than completely exposed as on the S1 coatings after the tests. The difference in the test results was likely due to the inclined sliding test method which introduced additional high shear stresses in the coating. The coating cohesion strength would be a decisive factor to the coating performance. The less porous the coating, the higher the cohesion strength. Thus, S2 outperformed S1.
On the one hand, the inclined sliding test was conducted at a stress condition much higher than that of normal operation, which caused an accelerated coating failure. On the other hand, the PEO coating on Ti-6Al-4V does have limitations in withstanding extremely high contact sliding loads. As a result, more research needs to be done on PEO coating before it should be used practically in sustaining great wear forces such as those found in aerospace applications. However, the results of this study demonstrated that while the PEO coating may not perform well under intense wear, it did show minimum wear failure behaviour in the POD tests. As a result, the PEO coating on Ti-6Al-4V has great potential for aerospace components such as fastners and disks that sustain low but prolonged wear.
